We explore experimentally a new regime of operation for mode locking in a Ti:Sapphire laser with enhanced Kerr nonlinearity, where the threshold for pulsed operation is lowered below the threshold for continuous-wave operation.
A well known feature of mode locking is that the transition between continuous-wave (CW) and mode locked (ML) operation in terms of pump power is abrupt [1] . Only when the pump power crosses a certain threshold, ML can be initiated by creating noise in the cavity as a seed to start the pulsation process (either by knocking on the cavity elements or by external injection of long pulses). Another characteristic feature of ML is that the threshold pump power for ML is higher than the CW threshold. It seems as if a certain amount of CW oscillations in the cavity is necessary, and only on top of an existing CW can the small noise seed be amplified to create the pulse. Yet, the question whether the preliminary existence of a CW oscillation is a necessary condition for ML operation was not directly explored and is not trivial to answer a priori. Here, we enhance the nonlinear Kerr mechanism, observing a new regime of mode locking, where: 1. the intracavity CW power needed to initiate ML can be reduced to zero, 2. pulses can be sustained even below the CW threshold and the pump power necessary for pulsed operation can be considerably improved, offering high performance for mode locking with very low threshold pump power and intracavity average power.
Our linear TiS cavity is illustrated in Fig.1 . The key feature of the cavity is the addition of a lens based telescope between the curved mirrors. This 1x1 telescope images the focus inside the TiS crystal to a distance of 4f towards mirror M1. The nonlinearity of the cavity can be enhanced in a controlled manner by introducing planar-cut additional 3mm long BK7 glass window near the imaged focus while varying the window position. As opposed to Brewster windows, where the beam expands in one dimension due to refraction, thereby reducing the nonlinear response and generating an astigmatic Kerr lens, with normal incidence, the intra-cavity beam retains its small size, which enhances the nonlinearity and provides an astigmatic-free Kerr lens.
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The ML and CW operation parameters are plotted in Fig.2 as a function of the distance Z between M1 and M2, measured with respect to the distance at the stability limit of the cavity. Measurements were taken for two positions of the BK7 window: 1. at the imaged focus, enhancing the overall nonlinearity of the cavity, 2. far away from the focus, much beyond the Rayleigh range of the intra-cavity mode, where the BK7 window does not contribute to the 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America nonlinearity. Fig.2 (a) plots the CW threshold and the ML threshold as a function of Z for off-focus BK7 window. The ML threshold is defined as the minimum pump power required to initiate pulsed operation. As the typical behavior of ML lasers described above, the ML threshold is always higher than the CW threshold. Fig.2(b) plots the CW and ML intra-cavity powers at the ML threshold as a function of Z for off-focus BK7 position, showing a "sweet spot" where the difference between the CW and ML intra-cavity powers is maximized. The same CW and ML parameters are plotted in Fig.2(c) and (d) for in-focus BK7 window. The ML threshold is considerably reduced by the added BK7 nonlinearity, and the ML threshold curve eventually crosses the CW threshold at Z c 1.2mm. At the crossing point, the intra-cavity CW power drops to zero and ML can be achieved directly from pure fluorescence, by a mild knock on the end mirror.
Beyond the crossing point (Z> Z c ), even though a CW solution does not exist in this regime, stable ML can still be initiated, but only by first raising the pump power up to the CW threshold, locking, and then lowering the pump again. At the CW threshold the pump power is too high and mode locking generates a pulse with a CW spike attached to it, which can be eliminated by lowering the pump power below the CW threshold. The ML threshold beyond the crossing point is the minimal pump power needed to maintain a clean pulse even below the CW threshold.
We can understand the need to first increase the pump power to the CW threshold and than lower it by noting that the CW threshold marks the crossover between decay and amplification in the cavity. For ML to occur, an intensity fluctuation must first be linearly amplified to a sufficient peak power to initiate the Kerr-lensing mechanism. For Z> Z c , one must pump the laser sufficiently for a noise-induced fluctuation to be amplified (rather than decay) in order for it to reach the peak intensity required to mobilize the Kerr-lensing process. After reducing the pump power to the ML threshold, a clean pulse operation is obtained, but if ML is broken the cavity will not mode-lock again.
Our work also includes additional experimental data and a qualitative model (not presented here) to investigate the appearance of the new regime (Z>Z c ) of mode locking for in-focus window position.
In conclusion we note that the performance of the ML laser reported here at the critical distance Z c 1.2mm, where the thresholds for pulsed and CW operation meet in Fig.2(c) , can be compared to recently published record-results [2] that reported a mode-locked TiS laser with low pump power of 2.4W using an OC of 99% and curved mirrors radii of R=8.6cm with output power of 30mW and intracavity power of 3W. Here, we have achieved ML from zero CW oscillation with similar repetition rate ( 80MHz) using pump power of 2.3W with far less stringent conditions. In our experiment, the OC had only 95% reflectivity (5 times more losses), coupling more power out ( 85mW) with lower intracavity power of 1.7W and using curved mirrors of radius R=15cm. With further optimization of the added window material and cavity parameters, this may allow the development of ultra-low threshold ML sources in the future.
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